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Abstract 
In recent years Oxycombustion has emerged as a competitive option for CO2 capture on coal power plants. Air Liquide has been 
a key contributor to this evolution by developing technologies essential to the technical feasibility, flexibility and economic 
competitiveness of Oxycombustion. This concerns in particular the ASU (Air Separation Unit) and the CPU (Cryogenic 
Purification Unit) which represent the largest CO2 capture costs. 
 
This paper first presents the main advantages of Oxycombustion, in comparison to Post-combustion. It then describes the most 
recent technical achievements and roadmap for further improvements to decrease the cost and energy penalty associated with 
CO2 capture. 
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1. Introduction 
1.1. Oxycombustion development 
Oxycombustion has been in industry for decades to improve efficiency, flexibility, emissions and the cost of 
many industrial processes such as in the iron & steel and the glass industries. In recent years Oxycombustion has 
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emerged as one competitive option for CO2 capture on several industrial processes. This presentation will focus on 
the application of Oxycombustion to coal power plants. 
 
Air Liquide has been a key contributor to this evolution by developing specific technologies that are essential to 
the technical feasibility, flexibility and economic competitiveness of the Oxycombustion route. In particular, this 
concerns the ASU (Air Separation Unit) and the CPU (Cryogenic Purification Unit) which represent the largest share 
of Capex and Opex costs of CO2 capture (Fig. 1). 
 
The Oxycombustion development for CO2 capture on coal power plants carried out over the last 10 years together 
with boiler companies led to significant improvements, making it at least a “must consider” if not the most attractive 
carbon capture option for coal power plants. 
 
Technical developments of the ASU and CPU have been consistently driven by 2 key economic competitiveness 
objectives: 
x To reduce the cost of capture 
x To ensure reliability 
1.2. Oxycombustion advantage and today’s performance 
The Oxycombustion process described in Figure 1 is today the most efficient solution for CO2 capture in coal 
power plants, with an efficiency penalty in the range of 7 pts only e.g. reducing efficiency from 44 to 37%. As 
already highlighted in the context of the GHGT-11 conference [1], other advantages have become apparent from 
recent developments: 
 
x Its performances: 
o Cost effective CO2 recovery above 95%   
o CO2 purity greater than 99.99%  
o Low water usage  
o Near Zero Air emissions and in particular zero chemicals emissions 
o Very limited liquid and solid wastes  
o Possible reduction in LOI (Loss On Ignition) 
 
x Its flexibility in design and operation: 
o “Smooth” operation and transitions  
o Potential for energy storage through cryogenic liquids 
o Non intrusive in steam turbine cycle. 
 
x A “Non chemical” route enabling easier permitting and operation. 
 
Furthermore, Oxycombustion benefits from the extensive experience of industrial gas companies with ASU 
operation, in addition to the industrial users who have been practising oxyfiring for the last forty years. 
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Fig. 1. Principle of Oxycombustion on coal boilers. 
2. Roadmap and perspective of performance improvements 
2.1. Air Separation technology further development 
Building on its experience in the design of large size ASU, Air Liquide has implemented a significant 
development program to provide a dedicated solution for the Oxycombustion market. 
2.1.1. Large size ASU 
 
The amount of oxygen requirement for oxyfuel boilers is very high, typically in the range of 15 to 20 tpd of 
oxygen per MWe. This corresponds to around 5 000 to 15 000 tpd of oxygen which exceeds standard single-train 
ASU capacity. The design of appropriate solutions involves several challenges: 
 
x Ability to maximize the size of single train unit (XL ASUs) taking into account the transport constraints, the 
acceptable size of equipments and the limits of the cold box (diameter of columns for instance…) 
x Ability to handle multi-train when this is required 
 
Air Liquide has a long experience of designing very large ASU. The largest ASU in operation in the world, with a 
production of 4200 tpd, has been built by Air Liquide for Sasol. Its main compressor is the largest axial-radial air 
compressor in the world: it can treat up to 700 000 m3/h at suction conditions and consumes about 50 MWe. 
 
Furthermore, Air Liquide is already able to provide up to 6000 tpd O2 ASU with the same column diameter as 
Sasol T15 thanks to recent developments on the distillation packings. 
2.1.2. Extra Low Energy ASU 
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Oxygen production represents the largest share of electricity consumption in oxyfuel plants. ASU efficiency 
improvement is a key factor of success for Oxycombustion and has been one of Air Liquide’s main targets for the 
last fifteen years. 
 
By reducing the operating pressure of the distillation process through process and technology improvements, the 
energy consumption has been significantly reduced too. From around 240 kWh per metric tonne of pure oxygen, the 
energy has been reduced to approximately 150 kWh per metric tonne of O2 for the extra low energy ASU tuned for 
the Oxycombustion market. This latest value includes the benefit that comes from the thermal integration with the 
boiler: warm water is generated by the air compressor and is recycled to the steam cycle system (boiler feed water 
pre-heating). 
 
Further development of the ASU process is under way including: 
 
x New technology development: heat exchanger and turbo-machinery efficiency improvement, advanced 
distillation packings, new adsorption process cycles 
x Increased level of heat integration between air compressors and the steam cycle 
x New process cycles development optimized for low purity, low pressure oxygen production 
 
These improvements, together with the feedback from start-up of demonstration plants, are expected to further 
decrease ASU specific energy consumption by around 10% by 2017 (Fig. 2). 
 
 
Fig. 2. ASU efficiency improvement for Oxycombustion. 
2.1.3. The ALIVE energy storage solution 
 
Air Liquide has developed an energy storage concept dedicated to oxyfuel power plants that is based on the use of 
cryogenic liquids. The AL Innovative Variable Energy system is a ‘swinging’ plant where oxygen from the ASU is 
stored when the electricity price is low (off-peak) and where it is consumed when the electricity price is high (peak). 
Thus, the extra oxygen separation energy consumed during off-peak (night) is recovered during peak time (day) by 
reducing ASU load. 
 
More details on the ALIVE practical implementation and typical benefits are presented in [2]. 
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2.2. CO2 Compression & Purification: recent process improvements 
The most recent developments for CO2 capture have been oriented toward two main objectives: 
 
x CO2 recovery increase to reduce specific cost of capture 
x Reduction of pollutant emissions to the atmosphere 
2.2.1. Reduction of specific cost of CO2 capture  
 
In order to decrease the specific cost of CO2 capture while keeping a very low CO2 emissions level, Air Liquide 
has developed an innovative process coupling its most efficient cryogenic purification unit (CPU), the CryocapTM 
Oxy system, with ultra selective membrane technology. This membrane technology has been specially developed for 
the separation of CO2 from CPU non-condensable gases, enabling drastic reduction of oxygen and nitrogen 
permeation. It was successfully tested by Air Liquide R&D with the support of MEDALTM, an Air Liquide division 
which owns an advanced hollow fiber membrane technology. 
 
Using this innovative configuration, with sufficiently pure flue gas (>~84%vol, dry basis), in steady-state 
operation CO2 emissions can be reduced to a level as low as 2%, without any modifications to either the Air 
Separation Unit (ASU), the boiler or the ‘standard’ flue gas cleaning systems upstream of the CPU (FGD, baghouse 
etc…). The gain on the specific CO2 capture cost (ASU+CPU) from increasing the CO2 capture rate together with 
recent innovations provided a reduction of specific levelised capture cost by 5-10% compared to the previous 
process schemes. 
2.2.2. Pollutant emissions reduction 
 
In parallel, Air Liquide has also made significant efforts to reduce the emissions of other pollutants from 
Oxycombustion power plants to approximately zero. 
 
In order to comply with carbon monoxide emission standards, Air Liquide has implemented a catalytic oxidation 
reactor on the high pressure waste gas before its emission to the atmosphere. Concentration of carbon monoxide in 
this pressurized waste gas is the highest of the whole power plant, so a small reactor is needed. On Post-combustion 
processes this equipment would have a significant cost impact due to the dilution of carbon monoxide in the nitrogen 
that comes from the combustion air. This solution is able to reduce carbon monoxide content down to about 10 to 
100 ppm in the waste gas, enabling up to 98% abatement of the emissions generated by the oxyfuel boiler. 
 
Recent results from test campaigns on Air Liquide pilot plants have demonstrated significant NOx abatement in 
the wet flue gas compressor and in the drying unit. In order to avoid NOx emissions from the dryer, the regeneration 
gas coming from the vessels is recycled back to the compressor. This feature ensures that NOx are eliminated in the 
compressor condensates. The remaining NOx entering the cold box after the dryer can be removed by cryogenic 
separation and recycled to the compressor or to the burners of the boiler. Another option is to co-sequestrate NOx 
together with CO2. Up to 90% of the NOx entering the CPU can be stopped without the need for a Selective Catalytic 
Reduction (SCR). 
 
SOx and dust abatement is performed at CPU inlet upstream of the compression process. Warm flue gas is first 
quenched with water and then washed in a scrubbing tower with basic reactant. Pilot tests have confirmed very high 
SOx abatement, up to 99.5%. 
 
Finally, close to 100% mercury removal is obtained by either state of the art adsorption at ambient temperature or 
using an Air Liquide proprietary separation technology at cryogenic temperature. 
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In conclusion, the latest CryocapTM Oxy process described on Fig. 3 is now able to reduce air emissions of 
pollutants from Oxycombustion to nearly zero. 
 
Fig. 3. CPU simplified process scheme. 
2.3. Oxyfuel process optimization 
In 2010, Air Liquide collaborated with Vattenfall in order to define the state-of-the-art in large lignite oxyfuel 
plant (1000 MWe gross) [2]. As a continuation to this study Air Liquide has evaluated further improvement 
opportunities to the oxy-coal process which could be achieved in the near future. 
 
Preheating of oxygen before injection in the furnace will result in a higher amount of heat transferred to the boiler 
and will improve plant efficiency. Oxygen can be preheated to around 100°C using waste heat from the ASU 
compressors and further heated up to around 300°C using steam extraction and hot flue gas. Another option is to mix 
oxygen at 100°C together with the secondary recycle and to preheat the oxygen and flue gas mixture against hot flue 
gas. Oxygen preheating at this level of temperature is already performed for the glass industry and is ready to be 
applied safely on the Oxycombustion process [4]. 
 
Cost-effective heat recovery from the CPU compressors can be implemented similarly to the ASU integration. 
Large amount of low-grade heat is available from the wet flue gas compressor and the dry CO2 compressor that can 
be transferred to the steam cycle. Part of this waste energy can also be used for CPU heat requirements: non-
condensable gas preheating before expansion, dryer regeneration and mercury removal. In this way the steam 
extractions will be reduced and low pressure turbine power production will increase. 
 
Sulfur must be removed from the flue gas to prevent corrosion of downstream equipment and recirculation ducts 
caused by accumulation of SO3. Traditional sulfur treatment systems like Semi Dry Absorption (SDA) involve 
spraying of cold water which affects the quality of heat available in the flue gas. This reduces the level of 
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temperature to which steam cycle condensate can be preheated as well as the temperature of the flue gas recycled to 
the furnace. Use of fully dry sulfur abatement technology (like furnace sorbent injection) instead of SDA will 
therefore increase overall efficiency. 
 
Finally, a hot secondary flue gas recirculation above 350°C would result in a higher amount of heat transferred to 
the boiler. This would also reduce the heat exchanger surface needed for flue gas cooling, saving both CAPEX and 
pressure drops. Such optimal configuration associated with advanced dust management technology can significantly 
decrease exergy losses. 
 
Fig. 4 describes the combination of these improvements that could contribute to further reducing the 
Oxycombustion efficiency penalty by around 2 points.  
   
 
Fig. 4. Principle of future Oxycombustion systems. 
3. Conclusion 
This paper first describes the main advantages of Oxycombustion in comparison to Post-combustion, being 
mainly: energy efficiency, performance in terms of CO2 capture rate and emissions reduction and flexibility in 
design and operation. 
 
The latest technical achievements and perspectives for further improvement of the Oxycombustion process are 
then presented. The ASU benefits from the extensive experience of industrial gas companies and from continuous 
development programs toward very large oxygen production and extra low energy consumption. It is therefore ready 
to meet the challenges of the oxycombustion technology. 
 
Due to recent development of the CryocapTM Oxy solution, Air Liquide is now able to capture up to 98% CO2 
(given sufficient CO2 concentration in the flue gas) while reducing the specific cost of CO2 capture. Furthermore, 
very high pollutant abatement has been reached, reducing vent flow rates of CO2, CO, NOx, SOx, particulates matter 
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and mercury to nearly zero and making Oxycombustion the cleanest technology for electricity generation from fossil 
fuels. 
 
Finally, several opportunities for improvement to the oxy-coal process and integration with the ASU and CPU are 
highlighted. These improvements contribute to reducing the efficiency penalty associated with the Oxycombustion 
process putting oxy-fired boilers ahead of competing technologies for CO2 capture. 
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